Half-metallic ferromagnetism of ZnxMn1−xO compounds: A first-principles study  by Vargas-Hernández, C. et al.
lable at ScienceDirect
Computational Condensed Matter 4 (2015) 1e5Contents lists avaiComputational Condensed Matter
journal homepage: ht tp: / /ees.e lsevier .com/cocom/defaul t .aspRegular articleHalf-metallic ferromagnetism of ZnxMn1xO compounds:
A ﬁrst-principles study
C. Vargas-Hernandez a, *, Miguel J. Espitia R b, R.E. Baez Cruz a
a Laboratory of Optical Properties of Materials, National University of Colombia, Manizales, Caldas, Colombia
b GEFEM Group, Universidad Distrital Francisco Jose de Caldas, Bogota, Colombiaa r t i c l e i n f o
Article history:
Received 2 April 2015
Received in revised form
16 April 2015
Accepted 17 April 2015
Available online 18 April 2015
Keywords:
DFT
Structural properties
Half-metallic ferromagnetism* Corresponding author.
E-mail address: cvargash@unal.edu.co (C. Vargas-H
http://dx.doi.org/10.1016/j.cocom.2015.04.001
2352-2143/© 2015 The Authors. Published by Elseviea b s t r a c t
First-principle calculations were performed to investigate the structural, electronic and magnetic
properties of ZnxMn1xO compounds (x ¼ 0.0, 0.25, 0.50, 0.75 and 1.0) in a wurtzite-type structure. The
full-potential linearized augmented-plane-wave (FP-LAPW) method was used, as implemented in the
WIEN2k code. The analysis of the structural properties shows that the constant increases linearly ac-
cording to Vegard's law, with the increment of the Zn concentration in the structure, while the bulk
modulus increases. The electronic density studies show that the ZnxMn1xO compounds (x ¼ 0.25, 0.50
and 0.75) have a half-metallic behavior with a magnetic spin polarization of 100% and a magnetic
moment of ~5 mb/atom-Mn. The ferromagnetic state comes from the hybridization of the Mn-3d and O-
2p states that cross the Fermi level. These compounds are good candidates for spintronic applications.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
ZnO is a direct bandgap semiconductor that, under normal
conditions, crystalizes in a hexagonal wurtzite-type structure [1].
Due to its electronic and optoelectronic properties, ZnO has a wide
range of technological applications, such as in transparent
conductive electrodes in solar cells, laser diodes, photocatalysis [2],
optical devices [3], cosmetic products, such as sunscreens [4],
piezoelectric applications in surface acoustic wave devices [5,6],
and genomic DNA characterization [7]. In recent years, there has
been great interest in the study of a ZnO semiconductor; ferro-
magnetism at room temperature was recently found by Karmarkar
D. et al. [8] in Fe-doped ZnO synthetized by the chemical pyro-
phoric reaction method. Notably, ﬁrst-principle calculations based
on density functional theory (DFT) [9] predict ferromagnetism at
room temperature in Mn- and Co-doped ZnO. In addition, Mera J.
et al. [10] observed magnetic behavior attributed to Mn in
ZnxMn1xO thin ﬁlms that were epitaxially grown by the pulsed-
laser deposition technique. The magnetic properties of ZnO
doped with transition metals make it one of the most promising
materials for applications in spintronic devices. Devices based on
spintronics have several advantages over their conventionalernandez).
r B.V. This is an open access articleelectronic counterparts, such as non-volatility, faster data pro-
cessing speed, low energy consumption and greater integration
density [11].
In this work, the structural, electronic and magnetic properties
of ZnxMn1xO compounds (x ¼ 0.0, 0.25, 0.50, 0.75 and 1.0) are
studied by DFT due to their potential applications in spintronics.2. Computational methods
The calculations are performed within the DFT framework using
the full-potential linearized augmented-plane-wave (FL-LAPW)
method implemented in the WIEN2k package [11]. The correlation
and exchange effects of the electrons are treated using the gener-
alized gradient approximation (GGA) of Perdew, Burke, and Ern-
zerhof (PBE) [12]. In the FL-LAPW method, the cell is divided into
two types of regions, the atomic spheres centered at the nuclear
sites and the interstitial region between non-overlapping spheres.
Inside of the atomic spheres, the wave functions are replaced by
atomic functions, whereas in the interstitial region, the function is
expanded in plane waves. The charge density and the potentials are
expanded in spherical harmonics up to lmax ¼ 10 inside of the
atomic spheres, and the wave function in the interstitial region is
expanded in plane waves with a cutoff parameter of Kmax ¼ 8/Rmt,
where Rmt is the smallest radius of the atomic sphere in the unit
cell, and Kmax is the magnitude of the largest k-vector of the
reciprocal lattice. To ensure convergence in the integration of theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Total energy as a function of the volume of permitted ZnxMn1xO ternary
compounds (a) X ¼ 0.25, (b) X ¼ 0.50 y (c) X ¼ 0.75 in the FM and AFM states.
Table 1
Structural parameters.
Compound a0 (Å) V0 (Å3) B0 (GPa) E0 (eV)
MnO 3.290 39.961 112.30 9.626
Zn0.25Mn0.75O 3.322 101.812 114.40 8.930
Zn0.50Mn0.50O 3.350 52.281 118.40 8.379
Zn0.75Mn0.25O 3.393 107.359 121.40 7.725
ZnO 3.260 45.161 130.00 7.776
Other calculations
MnO e e e e
ZnO 3.283a
3.246c
e
e
146.48d
142.60d
- 7.784b
e
a Reference [15].
b Reference [16].
c Reference [17].
d Reference [18].
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144 k-points at the irreducible part of the ﬁrst Brillouin zone for the
wurtzite phase. The integrals over the Brillouin zone are solved
using the special approximation of k-points of Monkhorst-Pack.
Self-consistency is achieved by demanding the convergence of
the total energy to be less than 104 Ry. For the expansion of the
potential in the interstitial region, it is considered that Gmax ¼ 12.
TheMufﬁn-tin radii were of 1.6 bohr for O, 1.85 bohr for Mn, and 2.0
bohr for Zn. The calculations are performed taking into account the
spin polarization due to the presence of the Mn atom. To calculate
the lattice constant, the bulk modulus and the binding energy of
each studied compound, the calculated data are ﬁtted with the
Murnaghan equation of state (Murnaghan, 1994), Equation (1)
EðVÞ ¼ E0 þ
B0V
B00
ðV0=VÞ
B00  1
þ 1

 B0V0
B00  1
(1)
where B0 is the bulk modulus and its ﬁrst derivative is B00, V0 is the
equilibrium volume of the cell, and E0 is the binding energy.
To study the relative stability of the compounds at a concen-
tration x of the ZnO molecules and 1-x of the MnO molecules, the
energy of formation was calculated. For a ternary compound, the
energy of formation is deﬁned as the difference between the total
energy of the ternary phase, ZnxMn1xO, and the total energy of the
binary compounds in their ground states, that is, ZnO in wurtzite
and MnO in NaCl (EwurtziteZnO and E
NaCl
MnO, respectively); therefore, the
energy of formation is given by Equation (2) [13,14].
DEf ¼ EZnxMn1xO  ð1 xÞENaClMnO  xEwurtziteZnO (2)
3. Results and discussion
3.1. Structural properties
To determine the structural properties in the ground state, such
as the lattice constant (a0), equlibrium volume (V0), bulk modulus
(B0) and total energy (E0) of the binary compounds ZnO and MnO
and of the three allowed ternary compounds, ZnxMn1xO (x ¼ 0.25,
0.50 and 0.75), in the wurtzite structure, the total energy was
calculated as a function of the volume, the results were ﬁt to the
Murnaghan equation of state, Equation (1). Additionally, the total
energy variation was calculated as a function of the volume of the
ferromagnetic (FM) and antiferromagnetic (AFM) phases to
discover the most favorable magnetic phase of ZnxMn1xO
(x ¼ 0.25, 0.50 and 0.75) compounds. Fig. 1 shows the ener-
gyevolume curves for ZnxMn1xO (x ¼ 0.25, 0.50 and 0.75) ternary
compounds in the FM and AFM states.
In the ground state, the total energy differences between the FM
and AFM states (DE¼ EFMe EAFM) were0.05,0.015 and0.03 eV
for x ¼ 0.25, 0.50 and 0.75, respectively. In all three cases, the FM
state was more energetically favorable than the AFM state. Our
results and other selected theoretical results are provided in
Table 1.
The structural parameters (a0, B0, E0) calculated in the wurtzite
structure of the binary compound ZnO are very close to those of the
theoretical results [references a and c] and are also in good agree-
ment with experimental results [references c and d]. For the
allowed ternary compounds, ZnxMn1xO (x ¼ 0.25, 0.50 and 0.75),
the structures are obtained by replacingMn atomswith Zn atoms in
the ZnO supercell. For x ¼ 0.25 and x ¼ 0.50, a Mn atom is replaced
by a Zn atom in supercells of 8 and 4 atoms, respectively. For
x ¼ 0.75, three Mn atoms are replaced by three Zn atoms in the
supercell of 8 atoms. Fig. 2 shows the crystal structure of theallowed ternary compounds, ZnxMn1xO (x ¼ 0.25, 0.50, and 0.75),
obtained after the structural relaxation; in all cases, the space group
obtained is the same, the tetragonal structure p3 m1 (N 156).
However, as observed in Table 1, the values of the bulk moduli of
the allowed ternary compounds, ZnxMn1xO (x ¼ 0.25, 0.50 and
Fig. 2. Unit cell of the allowed ternary compounds. (a) Zn0.25Mn0.75O, (b) Zn0.50Mn.50O and (c) Zn0.75Mn0.25O.
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makes them good candidates for possible application in devices
that have to operate at high temperatures, under high power, and in
hard coatings.
Fig. 3 shows the variation of the lattice constant as a function of
the Zn concentration; it is observed that the equilibrium lattice
constant increases with the increment of the concentration of Zn
atoms (x). This ﬁnding can be attributed to the fact that the atomic
radius of Zn is greater than the atomic radius of Mn. However, as
shown in Table (1), the bulk modulus increases with the increment
of the concentration of Zn atoms (x) in all compounds; a similar
result was obtained by Lopez W. et al. [19] in their study of the
structural properties of the Sc1xInxN compound in the wurtzite
structure.
Fig. 3 shows that the lattice constant increases linearly with the
concentration of Zn atoms. Conventionally, the lattice constant a(x)
is described by Vegard's law [20], which expresses the lattice
constant of each allowed ZnxMn1xO compound (x ¼ 0.25, 0.50 and
0.75) as a linear combination of the lattice constants of the two
binary compounds as follows: a(x) ¼ xaZnO þ (1x)MnO. However, a
small upward deviation is observed in the linear behavior of the
lattice constant of the allowed ZnxMn1xO compoundswith respectFig. 3. Lattice constant as a function of the Zn concentration for the allowed ZnxMn1-
xO compounds in the wurtzite phase. The calculations (square dots) are compared
with the linear trend of Vegard's law.to Vegard's law. The value la of the lattice constant deviation was
calculated using the equation a(x) ¼ xaZnO þ (1x)MnO þ lax(1x)
[21]. A small value of la ¼ 0.0605 Å was found for the lattice
constant deviation of the allowed ZnxMn1-xO compounds in the
wurtzite structure. This small value in the deviation is because the
lattice constants of the binary compounds ZnO and MnO are very
similar; the lattice constant of MnO is 3% greater than that of ZnO.
Therefore, the allowed ternary compounds, ZnxMn1xO (x ¼ 0.25,
0.50, and 0.75), satisfy Vegard's law because the interactions be-
tween the Zn, Mn and O ions that form the compounds are weak.
Table 2 shows the energies of formation values of the allowed
ternary compounds, ZnxMn1xO (x ¼ 0.25, 0.50, and 0.75),
calculated with Equation (2). The energies E0 of the binary
compounds ZnO and MnO in their ground states are negative
(Table 1). However, according to the results of Table 2, the value
of the energy of formation of each ternary compound is positive;
therefore, the ZnxMn1xO compounds (x ¼ 0.25, 0.50 and 0.75)
are metastable. This ﬁnding implies that the compounds cannot
grow under equilibrium conditions, and therefore, it is necessary
to supply energy to grow them [13,14,22]. The result obtained for
the energy of formation is important because by knowing these
values, the growth conditions can be improved to enable the
growth of good quality ZnxMn1xO compounds (x ¼ 0.25, 0.50,
and 0.75).
According to the results of Table 2, the smallest value of energy
of formation corresponds to the ternary compound Zn0.25Mn0.75O;
therefore, it is the most energetically stable.
3.2. Electronic properties
The theoretical lattice constants shown in Table 1 were used to
calculate the density of states (DOS) and the band structure along
the high symmetry paths in the ﬁrst Brillouin zone of the allowed
ZnxMn1xO compounds (x ¼ 0.25, 0.50 and 0.75).Table 2
Energy of formation of the allowed ternary com-
pounds, ZnxMn1xO (x ¼ 0.25, 0.50 and 0.75).
Compound DE0 (eV)
Zn0.25Mn0.75O 0.233
Zn0.50Mn0.50O 0.322
Zn0.75Mn0.25O 0.513
Fig. 5. Schematic representation of the splitting mechanism of the Mn-3d orbital into
majority and minority spins due to the exchange. The splitting into the doubly
degenerate levels, eg, and triply degenerate levels, t2g, is shownwhen the Mn2þ atom is
located in a tetrahedral environment.
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states (TDOS and PDOS, respectively) of the ZnxMn1xO com-
pounds. The TDOS results of the allowed ternary compounds,
ZnxMn1xO (x ¼ 0.25, 0.50 and 0.75), show that they are half-
metallic and ferromagnetic; this result occurs because in the
valence band close to the Fermi level, the majority spins (spin-
up) are metallic, and the minority spins (spin-down) are semi-
conductors. These compounds have a spin polarization of 100% of
the conduction carriers in the ground state, which is a require-
ment of the spin injectors [23]. This ﬁnding suggests that these
ternary compounds can be efﬁciently used as spin injectors. Fig. 4
shows that in the valence band near the Fermi level, the spin-up
density (the majority spins) is mainly dominated by the Mn-3d
states and, to a lesser extent, by the O-2p states, which cross
the Fermi level. Additionally, according to the crystal ﬁeld theory,
when a Mn atom replaces a Zn atom, the tetrahedral crystal ﬁeld
formed by the O ion splits the ﬁve energy levels of the Mn-3d
atom into three high-energy degenerate states, t2g (dxy, dxz and
dyz), and two low-energy degenerate states, eg(dz2 and dx2y2 )
[24]. The electronic conﬁguration of the Mn atom in the allowed
ternary compounds, ZnxMn1xO (x ¼ 0.25, 0.50 and 0.75), is
attributed to the Mn2þ [25]. Fig. 5 shows the splitting of the Mn-
3d levels into majority spins (spin-up) and minority spins (spin-
down), due to the exchange. The splitting of doubly degenerate
(eg) and triply degenerate (t2g) levels is shown when the Mn2þ
atom is located in a tetrahedral environment; no spins-down are
shown because according to the density of states, DOS, (Fig. 4),
there is no spin-down contribution near Fermi level. The attri-
bution of the Mn2þ electronic conﬁguration to the ternary
ZnxMn1xO compounds (x ¼ 0.25, 0.50 and 0.75) can be under-
stood as follows. The Mn atom has six valence electrons {[Ar]
3d54s2}; when Mn occupies the Zn site, it gives off three elec-
trons. Of the ﬁve electrons remaining in the Mn atom, two
occupy the doubly degenerate state eg, and three electrons
occupy the triply degenerate state t2g. Therefore, in the allowed
ternary compounds, ZnxMn1xO (x ¼ 0.25, 0.50 and 0.75), both
the majority spin state as well as the minority spin state of
the Mn-3d are completely occupied because the doubly
degenerate state, eg, and triply degenerate state, t2g, are
completely full. Consequently, the electrons produce a total
magnetic moment of ~5 mb/atom-Mn. ZnO semiconductor does
not have magnetic properties. The magnetism present in the
samples is due only to magnetic moment of the Mn atom, with
an approximate value of̴ 5 mb/atom-Mn. This implies that the
magnetic moment has a value of m ¼ ~5 mb for one Mn atom
present in the compounds of Zn0.75Mn0.25O and Zn0.50Mn0.50O,
while m ¼ ~15 mb for three Mn atoms in Zn0.25Mn0.75O compound.
Therefore, the allowed compounds have a half-metallic ferro-
magnetic behavior. A similar result was obtained by Silvia Picozzi
and Marjana Lezaic in a ﬁrst principles study on diluted magneticFig. 4. Total and partial density of states of the allowed ternary comgroup-IV semiconductors [26].
Additionally, according to the theory of Jhi et al. [27], the hy-
bridization between the metallic states Mn-3d and the nonmetallic
O-2p electrons that cross the Fermi level results in a strong covalent
bond that is responsible for the high rigidity of the allowed ternary
compounds.4. Conclusions
We report theoretical studies of the structural, electronic and
magnetic properties of ZnxMn1xO compounds, with the con-
centrations of Zn atoms x ¼ 0.0, 0.25, 0.50, 0.75, and 1.0, by
means of ﬁrst-principle calculations using the FP-LAPW method,
DFT framework and GGA. It was found that the lattice constant
increases linearly according to Vegard's law, with the increment
of the Zn atom concentrations, with very small deviation from
this law, where the magnitude of the lattice constants of the
binary compounds (ZnO and MnO) determines the value of this
deviation. Notably, it was found that the values of the bulk
modulus of the ternary ZnxMn1xO compounds (x ¼ 0.25, 0.50
and 0.75) are high; therefore, these compounds are rigid and are
good candidates for application in devices that have to work at
high temperatures, under high power and in hard coatings. In
addition, it is found that the allowed ZnxMn1xO compounds
(x ¼ 0.25, 0.50 and 0.75) have a half-metallic behavior with a
magnetic moment of 5 mb/atom-Mn. The ground state ferro-
magnetic behavior comes from the hybridization of the Mn-3d
and O-2p orbitals that cross the Femi level. These compounds
are good candidates for potential applications in spintronics and
as spin injectors.pounds ZnxMn1-xO. (a) x ¼ 0.25 (b) x ¼ 0.50 and (c) x ¼ 0.75.
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